ABSTRACT We have studied the morphology of nuclei in Drosophila embryos during the syncytial blastoderm stages. Nuclei in living embryos were viewed with differential interference-contrast optics; in addition, both isolated nuclei and fixed preparations of whole embryos were examined after staining with a DNA-specific fluorescent dye. We find that: (a) The nuclear volumes increase dramatically during interphase and then decrease during prophase of each nuclear cycle, with the magnitude of the nuclear volume increase being greatest for those cycles with the shortest interphase. (b) Oxygen deprivation of embryos produces a rapid developmental arrest that is reversible upon reaeration. During this arrest, interphase chromosomes condense against the nuclear envelope and the nuclear volumes increase dramatically. In these nuclei, individual chromosomes are clearly visible, and each condensed chromosome can be seen to adhere along its entire length to the inner surface of the swollen nuclear envelope, leaving the lumen of the nucleus devoid of DNA. (c) In each interphase nucleus the chromosomes are oriented in the "telophase configuration," with all centromeres and all telomeres at opposite poles of the nucleus; all nuclei at the embryo periphery (with the exception of the pole cell nuclei) are oriented with their centromeric poles pointing to the embryo exterior.
During its syncytial blastoderm stages, the Drosophila embryo is a large single cell containing hundreds of nuclei that divide almost synchronously. For this reason, it provides exceptional material for cytologic studies of the nuclear division cycle. The blastoderm stages with which our study is concerned (cycles [10] [11] [12] [13] [14] are represented diagrammatically in Fig. 1 , where, according to the terminology of Zalokar and Erk (39) , each stage corresponds to one nuclear division cycle. Initially, all the dividing nuclei are located in the egg interior, but during cycle 7, -80% of these nuclei begin migrating towards the embryo surface (7) . Near the start of interphase of cycle 9, a few nuclei reach the surface at the posterior pole of the egg; during cycle 10 these nuclei ceUularize to form the primordial germ cells, the "pole cells." Slightly after the start ofinterphase of cycle 10, the rest of the migrating nuclei reach the egg surface, becoming distributed in a monolayer just under the egg plasma membrane. Once at the surface these nuclei undergo four nearly synchronous divisions as a syncytium (the syncytial blastoderm stages: nuclear cycles 10-13).
Cellularization of these nuclei occurs synchronously during the first 60 min (25"C) ofinterphase 14 (stage 14A in Fig. 1 ), whereas gastrulation and germ band elongation occur during the remainder of interphase 14 (stage 14B in Fig. 1 ).
Once the somatic nuclei have reached the egg surface (nuclear cycle 10), they can be visualized clearly in living embryos by differential interference-contrast optics (see Figs. 4 and 5 of reference 7). During the syncytial blastoderm stages, mitotic waves pass rapidly across the embryo surface, and thus the nuclei divide with near synchrony. The duration of each of the syncytial nuclear cycles has been determined, making it possible to stage living embryos to an accuracy of ~+ 1.5 rain (7) . In this article, we describe the regular changes in interphase nuclear volume that occur during nuclear cycles l0 through 14. In addition, we report a method for inducing a reversible developmental arrest at any time during this period; during this arrest the chromosomes condense, allowing the arrangement of the chromosomes in each nucleus to be clearly visualized.
Effect of Anoxia on Viability
About 3 g of a mixture of 0-4.5-h-old embryos were dechorionated and placed in a solution of 0 .7% NaCl, 0.04% Triton X-100 (7) . For studies of normal development, a sample of embryos was immediately removed to an open petri dish to avoid any inadvertent influence of anoxia . Intentional ' Abbreviation used in this paper: DIC, differential interference-contrast (optics).
1624 THE JOURNAL OF CELL BIOLOGY -VOLUME 100, 1985 developmental arrest was induced in the remaining embryos by transferring these embryos to a bottle containing NaCI-Triton X-100 medium that had been degassed under vacuum . The bottle was then topped up with argon, sealed shut, and maintained at 25°C. After each designated interval, an aliquot of embryos was removed and returned to a normally aerated saline medium, the remaining embryos being resealed under argon. From each aliquot, 200 normalappearing embryos of each designated stage were selected under a dissecting microscope . This selection required < 10 min and was therefore complete before the arrested embryos had resumed development (see Table 1 ) . After their removal from anoxic conditions the staged embryos were kept in open petri dishes containing nondegassed NaCI-Triton X-100 solution . Batches of no more than -200 embryos were maintained in each petri dish (5 cm diam) to avoid oxygen deprivation by overcrowding. These embryos were scored 30 h later for viability as described in the legend to Fig . 3 .
Kinetics of Anoxic Arrest and Recovery
To study the kinetics of arrest, a single embryo in NaCI-Triton X-100 solution was drawn into a graduated 5-kl micropipette (Micropet No . 4614 from Clay Adams, Div. of Becton, Dickinson & Co., Parsippany, NY) . A length corresponding to a 1-IA1 volume of this pipette, with the embryo approximately equidistant from each end, was broken off and placed in the bottom of a petri dish of NaCl-Triton solution at 25"C . The immersed capillary tubing containing the embryo and salt solution was observed with a dissecting microscope (x 120) to monitor the time required for development to cease. To study the kinetics of recovery from anoxia, the embryo was expelled from the capillary tube into normally aerated medium and the time taken to resume development was noted.
Treatment of Embryos before Fixation

CONTROL EMBRYOS:
LivedechorinatedembryosinNaO-TritonX-100 solution at 25"C were staged as described previously (7) . Squashed-embryo preparations were then made of individually staged embryos.
ANOXlC ~:MBRYOS: Single embryos were rendered anoxic in capillary tubing as described above. To obtain embryos arrested in cycle 10, live cycle 9 embryos were selected (see reference 7), placed in a capillary tube and monitored under a dissecting microscope to determine in which nuclear cycle developmental arrest occurs. Since it takes ~ I 0 min (at 25"C) for development to cease (see Table I ), and cycle 9 is -10 min long (at 25"C [7] ), most embryos arrested at cycle 10. The precise phase of the nuclear cycle at which the embryos had arrested was inferred from the nuclear morphology observed in each preparation, as described in Results. Unless otherwise stated, squashed-embryo preparations were made from individual embryos that had been kept in an arrested state for 30-180 min.
HEAT-SHOCKED EMBRYOS: Dechorinated embryos in NaCI-Triton X-100 solution at 25"C were transferred by pipette into the same medium at 35-37"C or at 40-42"C for a defined interval. For recovery studies, these heatshocked embryos were transferred back into the same medium at 25"C. In all cases, nuclear morphology was studied in squashed-embryo preparations.
Fixation and Staining of Embryos for Fluorescence Microscopy
SQUASHED-EMBRYO PREPARATIONS: Selected live embryos were transferred by pipette onto a glass slide, blotted free of the NaCI-Triton solution, and covered with 3-6 #l of a buffered solution of salts designated below as buffer AM (see reference 7) that also contained 1% formaldehyde and 10 t~g/ ml of the fluorescent DNA-specific dye Hoechst 33258. (The formaldehyde was from a freshly heated [5 rain at 100" (2] formalin solution, and the dye was obtained from the American Hoechst Corp., Somerville, NJ.) Squashes were prepared directly in this fixation medium by gently lowering an 18-ram 2 coverslip onto the embryo. Lateral movement of the coverslip was avoided to prevent shearing. The preparation was allowed to sit at room temperature for ~5 rain. It was then either sealed with nail varnish and photographed in the following 30 rain, or converted to a more permanent preparation by mounting in glycerol (J. Sedat, unpublished protocol). In the latter case, the slide was flooded with excess buffer AM and the coverslip was removed by flotation; the slide was then shaken free of excess buffer, and a drop of 100% glycerol and a new coverslip were immediately placed on the sample. Mounting in glycerol preserves nuclear morphology for days.
All of the nuclei displayed in this publication were from fresh squash preparations, without glycerol, and the nuclei are displayed at the same magnification to facilitate comparison.
WHOLE-EMBRYO PREPARATIONS: Timed collections from 0.5 to 2.5 g of dechorionated embryos were placed in a solution of 0.7% NaCl, 0.4% Triton X-100 (7). For studies of normal morphology, the collected embryos were fixed immediately to avoid any inadvertent influence of anoxia. For studies of anoxic embryos, the embryos were transferred to a bottle of the same solution that had been degassed under vacuum. The bottle was then topped up with argon and sealed shut for 2-6 h. Both normal and arrested embryos were fixed and stained using the protocol of Mitcbison and Sedat (29) and staged by counting the number of surface nuclei per unit area, as described previously (7) . In these fixed and stained whole embryos (suspended in 100% glycerol), nuclei of all stages shrink to about two-thirds of the diameter observed in DIC images of live embryos. For Table II , the diameters of all nuclei were multiplied by 1.5 to correct them to in vivo values.
All Hoechst 33258-stained preparations were observed by fluorescence microscopy, using a Zeiss Epi-iUumination system with the Zeiss 01 filter set (excitation beam of 365 nm split with a dichroic mirror at 420 nm) plus a long pass 4 l0 nm barrier filter and a Neofluor 100/l.3 oil-immersion objective. The fluorescence micrographs are displayed at exposures optimal for revealing morphologic detail and do not necessarily portray the relative fluorescence of the various nuclei.
RESULTS
Nuclear Volumes Expand and Contract Rapidly during Each Division Cycle
Previous studies of fixed Drosophila embryos have indicated that the nuclei increase in volume during the course of each interphase (7, 31) and that the average size of the syncytial blastoderm nucleus decreases with increasing developmental stage (39) . During cycles 10 through 13, the time course of these changes in nuclear diameter can be readily measured from successive DIC micrographs of living embryos. In Fig. 2 we have compiled data from measurements made on 11 embryos. In Fig. 2A , nuclear diameters are plotted as a function of developmental age; the nuclear volumes computed from these data are similarly plotted in Fig. 2B . During each interphase the size of a nucleus increases to a peak value and then declines, reaching its minimum value just before the nuclear envelope becomes indistinct during mitosis. The nuclear volumes at the beginning of interphase are about the same during each cycle. However, the shorter the cycle the more rapid and greater is the volume increase during interphase. For example, nuclei in cycle 10 (nuclear cycle time of-9 min) require only 3 min to attain their peak sixfold volume increase, whereas nuclei in cycle 13 (nuclear cycle time of ~21 min) require ~10 min to achieve their threefold volume increase (Fig. 2 B) .
As the cell plasma membranes form around the nuclei during the first half of cycle 14, the nuclei change shape, becoming roughly cylindrical instead of spherical. Both this shape change and the increased light scattering associated with the presence of the newly forming cell membranes make it difficult to determine nuclear volumes in living embryos during much of this cycle. However Fullilove and Jacobson (9) have reported a maximum nuclear volume increase of 2.5-fold during this cycle from an analysis of sectioned material.
The relative areas under the curves displayed in Fig. 2 B for cycles 10, 11, 12, and 13 are 1.00, 0.93, 0.97 and 1.59, respectively.
Oxygen Deprivation of Drosophila Embryos Causes a Reversible Developmental Arrest
When embryos are overcrowded in open petri dishes or sealed under coverslips, they undergo a developmental arrest. This arrest was systematically studied in embryos intentionally deprived of oxygen by a sudden transfer to degassed medium. Under the conditions used (see Materials and Methods), all further nuclear division rapidly ceases, and dramatic changes in the nuclear organization occur (see below). Embryos can be maintained in this growth-arrested state for extended periods with no detectable change in their appearance. On return to oxygenated medium, the nuclei in these embryos can recommence their divisions and produce normal larvae. Table I lists the times required for single embryos held in capillary tubes in 1 ~1 of normally aerated saline solution to exhaust their oxygen supply and undergo arrest. Also listed is the time required to resume morphogenetic movements once the arrested embryos are returned to an aerated environment. Embryonic development arrests after 5-10 min in such a capillary tube, and it recommences -10 min after a return to normally aerated medium.
In Fig. 3 the viability of embryos after oxygen deprivation is shown. Older embryos can be maintained in an arrested state for longer periods than young ones without a major loss of viability. Thus, for example, stage 15 embryos show a nearly normal survival upon return to oxygenated medium after 36 h of arrest, whereas only about half of the stage 9-13 embryos develop normally after 5 h of arrest. ".'~'--"-~: ""'" :-" "" '~ : "--:" "-" "" "--~h~'. . Each cycle is plotted separately. The average time at which one cycle terminates and the next cycle begins is indicated by an arrow on the abscissa. The gaps in collection of data points during each cycle correspond to the mitotic period in each cycle, defined as the period during which the nuclear contours become too indistinct to measure. Also, nuclear dimensions were determined for only the early part of cycle 14, when nuclear elongation and cellularization were not so advanced as to interfere with measurements (cycle 14 is >65 min long). Each data point represents a diameter obtained from averaging maximum and minimum diameters of two adjacent nuclei in an embryo. All nuclei followed were at the anterior tip of the embryo, and the data from 11 different embryos were compiled. (B) Nuclear volumes during nuclear cycles 10 through 14 (calculated from the data in A) are plotted against the time from the start of interphase in each cycle. Data for all five cycles are superimposed on the same axes, in order to facilitate their comparison.
Oxygen Deprivation of Drosophila Embryos Causes the Nuclei To Swell and the Chromosomes to Condense Prematurely onto the Inner Surface of an Enlarged Nuclear Envelope
Nuclear morphology can be studied in whole fixed embryos that have been stained with a DNA-specific fluorescent dye; in these preparations nuclear morphology can be compared across the entire embryo. However, nuclear visibility is improved in squash preparations made from live embryos as described in Materials and Methods. We have used both whole mounts and squashed-embryo preparations to examine the morphology of the arrested embryonic nuclei. We find that the metaphase chromosomes of normal and arrested embryos are indistinguishable, whereas the organization of the chromatin changes drastically in embryos arrested in most other phases of the division cycle; when a nuclear envelope is present, all of the chromatin is displaced from the nuclear lumen onto the inner surface of the nuclear envelope, where it becomes highly condensed. Although presumably caused by a different mechanism, this condensed chromatin resembles the "prematurely condensed" chromosomes created by fusing mammalian interphase cells with mitotic cells (20) . By comparing chromosome morphology with that seen in these fused mammalian cells, we can classify the Drosophila embryos as being arrested in Gl, S, G2, or prophase. In Fig. 4 , A-C are displayed the different types of nuclei observed in the arrested cycle 10 embryos. For comparison, the equivalent phases of normal cycle 10 nuclei are identically displayed in Fig. 5 . All of the nuclei in Figs. 4 and 5 are displayed at the same magnification and each nucleus is shown at three different planes of focus to reveal the three-dimensional distribution of its chromatin.
In both Figs. 4 and 5, the nuclei labeled A and B represent two successive stages of cycle 10 interphase, whereas the nuclei labeled C are in prophase. Thus, it is evident that oxygen deprivation has caused both the interphase and the prophase nuclei to swell, although prophase nuclei generally swell more than interphase nuclei. Furthermore, whereas the normal interphase nuclei contain DNA throughout the nuclear lumen (see midsectional view in Fig. 5, A and B) , the oxygen depri-vation causes all of this DNA to condense against the nuclear envelope, leaving the inside of the nucleus essentially free of DNA (see midsectional view in Fig. 4, A and B) . Similarly, the condensed chromosomes of normal prophase nuclei appear not to be tied to the nuclear envelope throughout their entire length, since they also occupy the nuclear lumen (midsectional view of Fig. 5 C) . In contrast, in prophase nuclei of anoxic embryos, the lumen is free ofDNA (midsectional view of Fig. 4 C) , because the chromosomes are closely applied to the nuclear envelope (top and bottom views of Fig. 4 C) .
In nuclei arrested by anoxia in early interphase, the chromatin on the nuclear envelope is not organized into discrete linear chromosomes (Fig. 4A) ; we interpret this to mean that these nuclei have been arrested in S phase, since a similar "fragmented" chromosome morphology is observed when mammalian nuclei active in DNA synthesis are prematurely The kinetics of embryo arrest and recovery from oxygen deprivation were studied on individual embryos that were rendered anoxic in glass capillaries, as described in Materials and Methods. We have tabulated the time required before visual morphogenetic movements ceased in each oxygen deprived embryo, and the time required before morphogenetic movements resumed after returning each embryo to aerated medium.
condensed (20, 32) . In contrast, the chromatin of nuclei arrested in late interphase condenses into long discrete chromosomes (Fig. 4 B) . These are thick chromosomes, similar in width to normal prophase chromosomes (compare Fig. 4B with Fig. 5 C) , suggesting that they represent chromosomes that were in the Gz phase of the nuclear cycle. These G2 chromosomes have a distinctly banded morphology. Nuclei inferred to have been arrested in prophase are similarly organized, but the chromosomes are shorter, more intensely fluorescent and generally appear less banded (Fig. 4 C) . In some of the arrested late prophase nuclei, the very much shortened chromosomes are conspicuously double (not shown). The thin, single chromosomes that are typically produced when G, nuclei are prematurely condensed during cell fusion experiments (20) have not been observed in arrested cycle l0 embryos. Thus, we suspect that in early Drosophila embryos, during the rapid nuclear cycles that precede cycle 14, the nuclei proceed directly from telophase into S phase without an intervening Gl phase.
To ascertain whether oxygen deprivation can cause embryos to arrest at any point in the nuclear cycle, we examined large numbers of embryos arrested in cycle 10 and determined the proportion of embryos blocked in interphase, prophase, prometaphase, metaphase, anaphase, and telophase. For comparison, a similar analysis of cycle phase was carried out on a random sample of normal embryos. Data comparing the relative number of cycle l0 nuclei in each phase of the nuclear division cycle before aixl after oxygen deprivation is presented in Table II . These data indicate that oxygen deprivation arrests nuclei equally in all phases of the cycle, with the exception that it allows prometaphase nuclei to reach metaphase, and anaphase nuclei to progress to telophase (see legend to Table   II ).
FIGURE 3
Graph showing the mortality of embryos after defined periods of oxygen deprivation. For this study, a large number of 0-4.5-h old dechorionated embryos were arrested by being placed in a nonaerated saline medium (see Materials and Methods). At designated intervals, aliquots of embryos were removed and placed in a normally aerated medium; these embryos were left to develop at 20-25°C and were scored 30 h later. Embryos were scored as viable if they had hatched into normal-appearing mobile larvae. The remainder, which were all scored as lethals, displayed a considerable range of morphologies. A few were normal-appearing embryos that for some reason did not hatch. In most cases, conspicuously 
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deformed larvae or masses of contractile but disorganized tissue developed. Some embryos that arrested at precellular stages developed large nonceIlutarized areas. [n only -5 % of the cases did embryos remain at the developmental stage at which they had been arrested. The percentage of lethality after anoxic arrest of specific duration is denoted for embryos arrested during cycle 1-8 with open circles, for embryos arrested between cycles 9-13 with closed circles, for embryos arrested in cycle 14 with open squares, and for embryos arrested in cycle 15 with closed squares. The embryos denoted as cycle 15 embryos were arrested at the late germband extension stage; our studies show that at this stage most nuclei have begun their 15th nuclear cycle (V. Foe, unpublished observations). Each symbol represents data from a sample of 200 embryos. The arrow on the graph ordinate denotes the percentage of lethality of a sample of 200 embryos that were harvested using our usual methods and left to develop without dechorionation in a normally aerated NaCI-Triton solution. Dechorionated stage 9-13 and stage 14 embryos have about the same percentage of lethality as the nondechorionated embryos when none of these are oxygen deprived; however, the lethality is greater after dechorionation for non-oxygen-deprived stage 1-8 embryos (see graph). Thus, some of these younger embryos are damaged during dechorionation, perhaps because newly laid eggs are more permeable than older ones to the Chlorox used for dechorionation. The percentage of lethality of non-oxygen-deprived, dechorionated, stage 15 embryos is below that for the bulk population of nondechorionated embryos, presumably because the selection of cycle 15 embryos excludes many abnormal embryos that would ordinarily have died during earlier stages.
FOE: AND ALBERT5 Drosophila Chromosome Condensation
~[ 627 FIGURE 4 Optical sections of cycle 10 interphase nuclei from embryos arrested by oxygen deprivation. These nuclei were photographed in squashed-embryo preparations made from prestaged oxygen-deprived embryos (see Materials and Methods). The phase of their nuclei was inferred from their chromatin morphology, as described in the text. In photographing each nucleus we changed the focal plane to obtain photographs of the top surface (left), a midsection (central panels), and the bottom surface (right). The nucleus displayed in A is inferred to represent the arrested state of an early interphase (S phase) nucleus and that in B an arrested late interphase (G2 phase) nucleus; more fluorescent chromatin is detected in the G2 than in the earliest S phase nucleus, presumably because considerable DNA replication has occurred. C shows what is inferred to be an arrested prophase nucleus. The chromosome centromeres occur together at one nuclear pole (left), whereas the telomeres are at the opposite pole (right). A more detailed description of the morphology of these nuclei is presented in the text. In a very small percentage of anoxically arrested, early-to-mid-interphase nuclei, we have observed one or two fluorescent strands extending across the otherwise DNA-free nuclear lumen; this morphology is much more common in heat-shocked nuclei (see text), x 2,600. The percentage of embryos in each of the different phases of nuclear cycle 10 was determined by analyzing the fluorescent images of a sample of normal embryos 0.5-2.5 h old that had been fixed and stained immediately after collection (see Materials and Methods). An identical analysis was also carried out on a sample of embryos of the same age that were fixed and stained after 3 h of oxygen deprivation. For each preparation, a large sample of embryos was placed on a slide and data on nuclear morphology and nuclear diameter were collected on all of the cycle 10 embryos observed. Cycle 10 embryos were identified by their characteristic number of surface nuclei per unit area (see reference 7). A total of 57 normal cycle 10 embryos and 48 oxygen-deprived cycle 10 embryos were analyzed. Normal prophase nuclei are defined here as those with a discrete spherical nuclear boundary and condensed chromosomes that have not yet begun to move to a metaphase plate. As judged by a distinct, spherical boundary visible with both phase and DIC optics, a portion of the nuclear envelope persists in these embryos after the chromosomes begin to become oriented on the spindle equator; this boundary gradually disappears as the chromosomes reach their final metaphase configuration. An electron microscopic analysis carried out on these same embryonic stages by Stafstrom and Staehelin (34) suggests that, except near the spindle poles, the nuclear envelope remains largely intact throughout mitosis. However, the nuclear pores begin to disappear from the nuclear envelope during prometaphase and only reappear in this envelope at the beginning of the next interphase (34) . We assume that the loss of visibility of the nuclear boundary in the light microscope (see also Figs. 4 and 5 of reference 7) correlates with the loss of nuclear pores detected in the electron microscope. Thus, in our analyses, nuclei that still retain a discrete spherical boundary but whose chromosomes have begun alignment on the spindle are designated as prometaphase, and nuclei with no visible nuclear boundary and with their chromosomes fully aligned on a metaphase plate are designated as metaphase.
Note that no prometaphase nuclei and over twice as many metaphase nuclei are found in the anoxic as compared with the normal embryos. Likewise, none of the anoxic embryos is in early anaphase and there is a threefold increase in the normal proportion of late anaphase and telophase nuclei. Thus, oxygen deprivation does not prevent nuclei in prometaphase from advancing to metaphase, or nuclei in early anaphase from proceeding towards telophase. Nuclei seem to be arrested randomly in all other phases of the cycle. In the anoxic sample, the apparent increase in "prophase" nuclei at the expense of "interphase" nuclei is due to the scoring of some late G2 nuclei as prophase; in these embryos there is a continuum of chromosome morphologies between G2 and prophase, making this designation somewhat arbitrary.
In a separate study, the diameters of nuclei in embryos in cycles 10, 1 I, 12, and 13 were compared. Using an eyepiece reticule, we made size measurements from the preparations of both normal and oxygen-deprived fixed and stained whole embryos described above. We examined a random sample of 67 normal embryos and 121 arrested embryos, staging them by their number of surface nuclei per unit area (7). The amount of swelling observed in the nuclei of anoxic embryos was found to be stage-specific: when corrected to in vivo values (see Materials and Methods), the maximum diameters observed in the arrested nuclei of cycle 10, 11, 12 and 13 embryos were 15.0, 14.0, 12.7, and 11.3 ~m, respectively (compared with normal maximum interphase diameters of ~10.9, 10.0, 9.0 and 7.8/~m, respectively; see Fig. 2 ). Nuclear diameters during different phases of cycle 10 are displayed in the table.
During the Syncytial Blastoderm Stages, the Chromosomes of the Interphase Nucleus Are Oriented with All the Centromeres Facing the Exterior of the Embryo
Individual chromosomes are especially clearly visualized in the nuclei of embryos arrested by anoxia in late interphase or prophase of cycles 10 or 11, because these nuclei swell more than those of later nuclear stages (see data in legend to Table  II) . In these nuclei a full diploid complement of eight separate chromosomes is seen. An example showing the complete set of chromosomes in a cycle 10 nucleus is displayed in Fig. 6 (see also Fig. 7B ). As noted above, the bipartite nature of each prophase chromosome is clearly visible in some late prophase nuclei.
In the nuclei from arrested embryos, such as those shown in Figs. 4 C and 6, the prophase chromosomes can be seen to be positioned in a polarized fashion, with the centromeres at one pole (left panels) and the telomeres near the opposite pole (right panels) of the nucleus. Inspection of many nuclei reveal that this is by far the most commonly observed orientation of chromosomes in interphase and prophase nuclei of cycles 10-13. However, occasional nuclei were found in which individual chromosomes occupy other orientations. For example, in the nucleus displayed in Fig. 6 , the small dotlike fourth chromosomes occupy their usual position near the centromeric pole. In contrast, in the otherwise similar nucleus shown in Fig. 4 C the fourth chromosomes are not present at this location. The polarized chromosomal orientation is abruptly lost at prometaphase, when the chromosomes begin their interaction with the mitotic spindle.
To determine the orientation of the chromosomes in the intact organism, we have examined stained whole embryos that have been arrested by oxygen deprivation in prophase of nuclear cycles 10 through 13. Throughout this period of syncytial development, the chromosomes in the somatic nuclei at the periphery of the embryo are oriented with their centromeres facing the exterior and their telomeres facing the yolk in the interior of the embryo. Two examples are presented in Fig. 7 . The plane of focus in Fig. 7A is on the interior nuclear faces and shows the clustered telomeric ends of the chromosomes. The plane of focus in Fig. 7 B is on the midsection at each nucleus, and shows the oriented chromosome arms in cross section.
The pronounced orientation of the chromosomes in the embryonic nuclei revealed by oxygen deprivation apparently reflects a polarity that also exists in the normal embryo. For example, examination of fixed and stained nonanoxic cycle 10-13 embryos reveals that, during mid-to-late interphase, two large and highly fluorescent DNA masses occur in all nuclei of half of the embryos (see, for example, left panel of Fig. 5 B) . From our studies of mutant In(1)sc 8 embryos (see below) we infer that each of these masses represents the centromere-proximal heterochromatin of an acrocentric X chromosome. Since only the nuclei of female embryos have two X chromosomes, embryos whose nuclei resemble that shown in Fig. 5 B are presumably female. (The more complex FIGURE 6 A prophase nucleus from an oxygen-deprived cycle 10 embryo. On the left, the plane of focus is on the nuclear pole that contains the centromeres of the chromosomes. The two dotlike fourth chromosomes are conspicuous at this pole (arrowhead). In total, eight chromosomes (including the two fourth chromosomes) are visible at the centromeric pole. On the right, the plane of focus is on the nuclear pole that contains the chromosome telomeres, x 2,600.
organization of the heterochromatic masses in interphase nuclei of male embryos, which carry one X chromosome and a Y chromosome composed of many heterochromatic parts.) 2 In fixed, whole embryo preparations of nonanoxic embryos, such as that displayed in Fig. 8A , the bright-staining regions of the two X chromosomes in the female embryos are seen to be located at the exterior-facing pole of each nucleus (labeled TOP), with no comparable fluorescence at the opposite pole (labeled BOTTOM).
We have also examined mid-to-late interphase nuclei in cycle 10-13 embryos that carry rearranged, instead of normal, X chromosomes. In embryos carrying the rearrangement In(l)scs, the DNA of the heterochromatic portion of the X is removed from its normal site adjacent to the centromere to a distal site close to the telomere (23, 24) . In fixed wholeembryo preparations of these In(l)sc 8 embryos, such as the one displayed in Fig. 8 B, two large fluorescent masses now appear at the nuclear pole that faces the interior of the embryo (see panel labeled BOTTOM) in about half of the embryos (again, presumably the females). We therefore conclude that interphase nuclei normally contain chromosomes in the same polarized orientation previously described for the anoxic nuclei: centromeres facing the exterior and telomeres facing the yolk.
Studies of whole-embryo preparations of anoxic embryos indicate that, in contrast to other blastoderm nuclei, the pole cell nuclei do not have a consistent orientation with respect to the embryo. However within each pole cell the chromosomes have a polarized orientation--with all of the centromeres at one pole of the nucleus and all of the telomeres at the other pole (data not shown).
Heat and Anoxia Have Similar, but Different, Effects on the Embryonic Nuclei
Anoxia and heat shock have been found to produce some 2 Foe, V. Manuscript submitted for publication. similar effects in Drosophila cells (see, for example, references 35 and 36). We have therefore studied the morphology of nuclei from cycle I0-13 embryos that were heat-shocked for 30 min at either 35-37"C or at 40-42"C. We observe that the effects of heat shock resemble those of anoxia: in both cases developmental arrest occurs, accompanied by nuclear swelling and condensation of the chromatin onto the inner face of an intact nuclear envelope. However, in the heat-shocked embryos the condensed chromatin is never observed in the form of linear chromosomes. Instead, the chromatin condenses in a more disorganized fashion, as shown in the cycle i 0 nuclei displayed in Fig. 9 . A more severe heat shock than that used in the Fig. 9 experiment produces a more extensive aggregation of the chromatin, and in many nuclei detachment of the chromatin from the nuclear envelope occurs (data not shown). Only interphase nuclei and no recognizable prophase, prometaphase, metaphase, anaphase, or telophase nuclei were found in the heat shocked embryos.
We have also examined mid-cycle 14 embryos that were heat-shocked for 30 min, either at 35-37"C or at 40-42"C. Nuclei from embryos that were heat-shocked at 35-37"C appear identical to those of normal cycle 14 nuclei. However, cycle 14 nuclei from embryos heat-shocked at 40-42"C are swollen and contain unusually condensed chromatin.
D I S C U S S I O N
Nuclear Volume as a Function of Nuclear Activity
The syncytial blastoderm stages discussed in this report provide extraordinary material for studies of the nuclear cycle. In a nearly synchronous manner, large numbers of nuclei that are clearly visible at the periphery of the living embryo undergo the most rapid nuclear cycle known in eucaryotes. These nuclei expand and contract rapidly in volume throughout the cycle, while undergoing drastic changes in their chromatin organization.
Sudden nuclear expansions have also been seen in other Table II ). Note that, as described in Materials and Methods, shrinkage in the whole embryo preparations results in their nuclei having about 2/3 the diameter of analogous nuclei in squash preparations. This shrinkage is also evident in Fig. 8. x 2 ,600.
FIGURE 8 Fluorescently stained nuclei in whole-embryo preparations of wild-type and In(1)sc a embryos during cycle 13 interphase. In the panels labeled top, the plane of focus is on the exterior-facing poles of the nuclei, whereas in the righthand panels (bottom) the focus is on the nuclear poles that face the yolky interior of the embryo. Here we compare A, a wild-type embryo, with B, a mutant In(1)sc a embryo, in which the centromere-proximal heterochromatin of the X chromosome has been moved to the X chromosome telomere by an inversion. In the normal embryo, two highly fluorescent patches are visible at the exterior-facing pole, and the interior-facing nuclear pole contains only a diffuse, even fluorescence. In the mutant embryo, it is now the interior-facing nuclear poly (bottom) that contains the two highly fluorescent patches; in the mutant embryo the exteriorfacing pole is characterized by an irregular, less intense fluorescence that represents the condensation of the centromeric heterochromatin of the autosomes. The embryos shown in both A and B are inferred to be female, with each of the two fluorescent patches representing the heterochromatic region of an X chromosome (see text; also reference 8). Compared with the embryo in A, the embryo in B has a larger nuclear volume, a more intense fluorescence, and heterochromatin in a more highly condensed state. It therefore represents a somewhat later phase of interphase than the embryo shown in A. x 2,600.
systems, most notably when an inactive nucleus is experimentally transferred into a different cytoplasm that activates it for DNA or RNA synthesis (l, 14, 16, 17) . In these cases, inactive nuclei that contain a large amount of condensed chromatin undergo a process of chromatin decondensation accompanying their activation. In several such cases, the nuclear volume has been found to be directly proportional to the rate of RNA synthesis that is induced (16, 17) .
In the early Drosophila embryos the greatest nuclear volumes occur in those cycles with the shortest interphase times.
In fact, the areas under the curves shown in Fig. 2B (ftVdt, where t is the length of interphase in each cycle and V is the nuclear volume as a function of time) are the same within experimental error for cycles l0 through 12. This suggests that nuclear volumes may be directly proportional to the instantaneous rate of DNA synthesis during these cycles. In
Drosophila, there is relatively little RNA synthesis during nuclear cycles l0 through 12 (21, 38) , so that it is not unreasonable to propose that during these cycles the rate of DNA synthesis alone determines the pattern of chromatin decondensation, which in turn determines the extent of the nuclear swelling. In this view, the nuclear volume is directly proportional to the amount of chromatin decondensed at any given instant, either for DNA synthesis as in the early Dro- sophila embryos, or for RNA synthesis as observed in the nuclear transplantation studies (16, 17) .
Mechanics of the Nuclear Volume Change
What are the forces that cause the normal interphase nucleus to expand? The decondensation of chromatin could cause the nuclear expansion directly, as the uncoiling DNA presses against the inside of the nuclear envelope. However, the fact that during anoxia the chromosomes condense as the nuclear volume expands means that at least this particular expansion of the nuclear envelope cannot be driven by forces derived from DNA decondensation. Alternatively, it has been suggested that the nuclear expansion could be controlled by osmotic phenomena (18) . Osmotic models based on stable osmotic differences are problematic in that they must deal with the difficulty of maintaining any salt gradient across the nuclear pores (for review, see reference 19). However, it is possible that transient osmotic differences generate mechanically stabilized changes in nuclear structure. Transient osmotic disequilibria could be caused by changes in chromatin condensation as well as by other means.
How is the nuclear membrane able to expand so rapidly during anoxia and during normal interphase? Presumably, large quantities of membrane lipids and proteins are readily available due to the continuity of the outer nuclear membrane with the endoplasmic reticulum membrane. It is thought that selected proteins and lipids can rapidly flow from the outer to the inner nuclear membrane around the nuclear pore complexes, where the bilayers of these two nuclear membranes are joined (for review see reference 27). The nuclear lamina, which is thought to form and shape the nucleus by supporting the inner nuclear membrane (13), must likewise be rapidly expandable. The nuclear lamina has very different thicknesses in different cell types (6; see also reference 13), and this structure may consist of multiple layers of the lamina proteins when the nucleus is small that can rapidly expand to form a thinner but more extensive lamina as the nucleus enlarges.
During normal interphase the nuclear envelope expands, apparently to accommodate the decondensing chromatin, whereas during anoxia the envelope expands beyond its normat dimensions at the same time that the chromatin is undergoing a premature recondensation. It is noteworthy that normal nuclei attain their maximum size during mid-interphase, whereas anoxic nuclei reach their maximum size later, during prophase. It is also striking that the size of the anoxic prophase nuclei varies as a function of embryonic stage; in anoxic embryos, the surface area of the prophase nucleus is very close to twofold greater than the maximum area normally attained by the interphase nucleus in the same nuclear cycle (see legend to Table II) . By electron microscopy, Stafstrom and Staehelin (34) have observed that a second envelope of similar morphology develops just outside the nuclear envelope before metaphase in normal Drosophila embryos. Fusion of the nuclear envelope proper with this second envelope may provide the membrane source that enables the prophase nuclei to double their surface area during anoxia.
Effects of Heat Shock on Nuclear Morphology
It has been shown that anoxia resembles heat shock in inducing the synthesis of the so-called heat-shock proteins in competent tissues (35) . This synthesis can occur either during hypoxia or during recovery from total anoxia, but not during total anoxia, apparently due to the depletion during anoxia of the ATP necessary for the transcription and protein synthesis required for the induction of the heat-shock response (22) . The heat-shock proteins can be induced in cycle 14 embryos but not in younger embryos (15) . Thus, early Drosophila embryos provide a natural system in which the morphological consequences of heat shock on nuclei can be compared in the presence and absence of newly synthesized heat-shock proteins.
When syncytial blastoderm embryos of Drosophila are shocked by bringing them to ~37"C for 30 min, we find that the nuclei swell as they do during anoxia, and the chromatin condenses. However, linear chromosomes were never observed. Instead, during heat shock the chromatin condenses into disorganized masses, some of which are detached from the nuclear envelope and occupy the nuclear lumen. It is also noteworthy that mitotic nuclei were never observed in the heat-shocked embryos. This indicates that heat shock arrests nuclei only during interphase, whereas anoxia can arrest nuclei at most phases of the cycle. Thus anoxia and heat shock do not have identical effects on nuclei.
Nuclei of midcycle 14 embryos shocked at 35-37"C for 30 min were observed to maintain a normal morphology. This treatment has presumably induced heat-shock proteins. Above 37"C a de novo induction of heat-shock proteins does not occur (35) , and we find that treating cycle 14 embryos at 40-42"C for 30 min leads to nuclear swelling and chromatin condensation. Thus, our data suggest that whatever causes the morphologic phenomena of abnormal nuclear swelling and premature chromatin condensation is overcome by the production of the heat-shock proteins.
Effects of Anaerobic Metabolism on Nuclear Morphology
The effect of removing oxygen from developing Drosophila embryos was first studied by Zalokar and Erk (39) , who noticed both nuclear swelling and a greatly increased number of embryos that contained nuclei "with chromatin threads visible, resembling prophase nuclei." These authors also reported that, after 2 h in an atmosphere of nitrogen, the arrest of development was reversible in 60% of the embryos. Since a similar arrest was obtained when permeabilized embryos were treated with the uncoupler 2,4-dinitrophenol (39), it seems reasonable to attribute the effects seen to the cessation of oxidative phosphorylation expected from both treatments.
Studies carried out with a variety of vertebrate tissues have shown that stopping oxidative phosphorylation causes a large number of different biochemical changes in cells, including rapid increases in NADH, ADP, AMP, and inorganic phosphate levels, and a rapid decrease in the concentration of ATP. There is also a major increase in the lactic acid concentration and a concomitant lowering of the intracellular pH. Many of these changes occur with half-times of I min or less and are just as rapidly reversed (see, for example, reference 28). Thus, although one is tempted to ascribe the changes observed in anoxic Drosophila embryos to a fall in ATP levels, in actuality any one of a large number of different metabolic changes (or some combination of them) could be causing the reversible changes in nuclear morphology that we have described.
Why does the prematurely condensed interphase chromatin become tightly aligned along an intact nuclear envelope in oxygen-deprived embryos? The result is especially remarkable because it contrasts with the result obtained when mammalian chromatin is prematurely condensed by fusing a cell in interphase with a second cell in mitosis (20) . In the latter case, the nuclear envelope apparently disintegrates, just as it does in a normal mitotic cell, as the chromosomes condense. One possible explanation relates to the effect of anoxia on ATP levels. If the ATP-mediated phosphorylation of the nuclear lamina proteins is required for nuclear envelope breakdown during mitosis, as proposed by Gerace and Blobel (12) , then one might expect the nuclear envelope to remain intact in anoxic embryos due to a reduced level of ATP, as observed.
As described in detail elsewhere, 2 we believe that the tight membrane attachment of the prematurely condensed chromatin observed in our studies reflects the fact that the chromosomes normally retain numerous points of firm attachment to the nuclear envelope when they decondense during interphase. It is this firm attachment that is postulated to maintain each chromosome in a polarized orientation, with centromeres facing the embryo exterior.
Nuclear Polarity in the Blastoderm Embryo
Electron microscopic examination of sectioned cellular blastoderm Drosophila embryos shows a polarized orientation of the nuclei; large electron-dense regions of condensed chromatin occur at the exterior-facing pole of the cycle 14 nuclei (10, 25, 33) . Studies on a related dipteran (Samoania bonensis) at the cellular blastoderm stage have shown that A:T-rich DNA sequences, which occur predominantly at centromeres, are localized at this exterior-facing nuclear pole (4) . The prematurely condensed chromosomes induced in embryos deprived of oxygen provide a direct and dramatic visual confirmation of the inferred polarized orientation of each chromosome in cycle 14 nuclei. 2 The present studies show that this same polar orientation occurs in the interphase nuclei of the earlier syncytial blastoderm stages (cycles 10-13) and that it is retained during the chromatin condensation induced by anoxia.
This orientation of chromosomes with centromeres at one pole and telomeres at the opposite pole has been termed the "Rabl" or "telophase" configuration, and it appears to be common to many eukaryotic cell types (Rabl, 1885 and Boveri, 1888, cited in reference 37; see also literature cited in references 2, 11, and 26). The telophase configuration is so named because it resembles the polarized orientation of the chromosomes as they enter telophase (centromeres pulled forward by the spindle, telomeres trailing behind). In our studies of stained whole embryos, we observe that the telophase configuration is maintained throughout interphase. However, it is striking that, in stained whole embryos, anaphase and telophase nuclei are observed to have their chromosome arms oriented parallel to the embryonic surface (see for example Fig. 8 of reference 7; also reference 5 for similar observations on Drosophila virilis) rather than perpendicular to it as observed in the late interphase and prophase nuclei. It is during the telophase to interphase transition, just as they are becoming round, that the nuclei rotate by 90* to adopt their interphase orientation (unpublished results of Dr. Foe; also reported for some other cell types by Wilson [37] ).
Ellison and Howard (5), studying Hoechst-stained, sectioned Drosophila virilis embryos, observed that the polarized orientation of the interphase nuclei observed in cellular blastoderm embryos is maintained during gastrulation: the invaginating cells are oriented with their more fluorescent (centromeric) poles towards the developing lumen, which topologically is the embryo exterior. The polarity of the individual blastoderm nuclei in the invaginating cell sheet may be retained because the nucleus maintains its orientation with reference to the cell throughout interphase and adjacent blastoderm cells are mechanically bonded together by desmosomelike structures (3, 25, 30) . In contrast, we observe that the pole cell nuclei appear to lack a fixed orientation with respect to the embryo; these pole cells are not attached to each other, and during gastrulation they rotate freely (unpublished time-lapse video observations of Dr. Foe).
